Introduction
The most recent critical assessments of the viscosity and thermal conductivity of hydrogen were performed in the early part of the last decade. I -3 Since that time there have been significant improvements in the techniques of measuring transport properties which have led to increased accuracy in the results. Some new measurements of the transport properties of hydrogen have since been reported, so that in the new correlation of the properties presented here we make use of these more recent experimental data and, where appropriate, theoretical results to obtain a concise and accurate representation of the data.
Experimental Data
Since, for polyatomic gases, there are no independent sources of information that can be used to assess directly the accuracy of experimental values of the viscosity and thermal conductivity, the selection of the most reliable data to employ in a correlation must rest entirely upon an assessment of the measurement technique employed and the precision attained. To assist in this assessment, it is convenient to define two categories of experimental data. 4 (i) Primary data. These are generally the results of measurements carried out with an instrument of high precision for which a complete working equation and a detailed knowledge of all corrections are available. The reproducibility of the results should be commensurate with the estimated precision. Exceptionally, in the case of hydrogen, data are included in the primary category which satisfy most, but not all, of the criteria, since otherwise the temperature range of the available data is too restricted to be useful.
(ii) Secondary data. These are the results of measurements that are of inferior accuracy to primary data. The inferior accuracy generally results from. operation at extreme conditions or from the use of an ill-characterized apparatus for which neither high precision nor a complete working equation can be claimed.
For eo.ch tro.nsport coefficient, a survey of the available experimental data has been carried out and data have been assigned to one of the two categories. For the purposes of formulating the correlation, only the primary data have been considered, whereas the secondary data have been retained for comparison purposes.
Coefficient of Viscosity
The most accurate measurements of the viscosity ofhydrogen in the limit of zero density have been performed with the oscillating disk viscometer at Brown University.5,6 The J; Phys. Chem. Ref. Data, Vol. 15, No.4, 1986 6. Deviations of the secondary experimental data for the thermal conductivity of normal hydrogen from the correlation of Eqs. (1) ors that these instruments yield results with an uncertainty of ± 1 %. In view of the fact that the data reduction was performed without the benefit of the full theory ofthe instrument, it is estimated that the accuracy may be worse than that claimed and may approach ± 2 %. However, the mea· surements are among the sinall set which extend to low temperatures and because the results are consistent with the high-accuracy data at room temperature, we feel that their inclusion in the category of primary data is justified. The remaining primary data for the viscosity of hydrogen have been obtained with capillary viscometers. Generally, the results are of inferior precision and accuracy to those from the oscillating-disk instrument, but the results of Michels ct al. 9 and of Guevara and colla.borators 10 enjoy a reasonable level of confidence. Furthermore, these results are especially valuable as they extend to higher temperatures than those available to the oscillating-disk instruments. For the work of Michels et al.,'] it is estimated that the uncertainty is one of ± 0.2 %, in accord with that c1aimedfor the data. and three independent measurements near room temperature 1S ": 20 are essentially in agreement within their estimated uncertainty of± 0.3%. Because a complete working equation exists for this instrument, the results of these measurements mustb~classified as primary ·data. A further set of m,easureIllents,-alsocarried out with a transient hot-wire apparatus, has been reported by Roder. 21 Although these results have a greater uncertainty ( ± 1.5%) they cover the temperature range from 100 to 300 K for normalhydrogen 21 . and must also be regarded as primary. All of the primary data employed are included in Table 1 .
The remaining measurements of the thermal. conductivityofhydrogen have been carried out with steady~state instruments. In all cases, at the time the measurements were carried out, the instruments that were employed either lacked complete working equations or the importance of natural convection was ,not fully appreciated. Thus even the most reliable' of these measurements, the low..,temperatute results of Roder and Diller2 2 made with a parallel-plate instrument; and the high-temperature data of Saxena and Saxena 23 attained withasteady-state-hot-wire apparatus, must be assigned uncertainties of ± 3% and ± 5%, respectively; For these reasons weare forced to assig~ these results to our category of secondary data, even though it restricts the temperature' range of our primary infomuition. The remaining experimental data placed in the secondary _ category include the measurements reported by Ubbihk,24' Blais and Mann,25 Keyes, 26 Gregory, 27 Geier, 2s Golubev, 29 Stoljarov, 30 and Johnston, 31 as well asthosecontaineq in Refs. 36-43. 3. Methodology
Viscosity
The viscosity of a pure gas in the limit of zero density may always be written in the form 32
in which m is the molecular mass, T the absolute temperature,and k is Boltzmann's constant. The symbol u represents a length scaling parameter and n * is a functional of the pair potential for the interaction between the molecules of the gas. In the case of spherically symmetric pair potentials between structureless particles,' where the potential may be expressed in a universal reduced form,
€ it can readily be shown 32 that the functional n* is a function only of the reduced temperature T * = kT I €, and that it is universal among the same interactions. For polyatomicgases interacting through nonspherically symmetric pair potential:s, tIlt:: functiunal 0'" d~p~Illl:snut unly upunlh~ inl~rmo lecular pair potential but also upon the internal energy states of the molecules. Nevertheless,Eq~ (1) provides a convenient means of representing experimental data, and the principle of corresponding states.does retain some value for a particularly useful, although. less accurate, correlation.
. The primary data for the viscosity of hydr()gen have been used to evaluate thefunctloilal 0'" ( T"') ovel-the temperature range 20-2200 K. For this purpose we have arbi':' tiarily adopted for scaling parameters € ahdu for hydrogeIl' the values, obtained by a corresponding-states analysis (Sec. In n* = L a i (in T*)i. (3) equation ( In the fitting procedure, each viscosity datum has been assigned a temperature-dependent statistical weight in the fashion described by Cole and Wakeham. 4 The resulting correlation for the viscosity of normal hydrogen is presented and discussed in Sec. 4, while Table 2 lists the optimum values of the coefficients a i •
Thermal Conductivity
The thermal conductivity and viscosity of a pure poly atomk gas are, to a first-order approximation in the Wang Chang and Uhlenbeck theory,32 related by the equation
Here, A denotes the thermal conductivity, M the molar mass of the gas, Cv,int the internal energy contribution to the molar heat capacity, p the mass density of the gas, and t the collision number for internal energy relaxation. 32 When the molecule possesses both rotational and vibrational degrees of freedom, 32 then .
and (7) with obvious meanings for the various subscripts. In addition, c' 
for which the coefficients are listed in Table 2 . The correlation is valid over the temperature range 80-2500 K, and Cv,int may be calculated from it with the aid of the simple relation
A compilation of rotational collision numbers for normal hydrogen has been'given by Lambert. 33 These data have been represented by the simple correlation
with the ·coefficients given in Table 2 . Values of ;rot are not generally obtained from experiment with great accuracy.33 However, the collision number for rotational relaxation for hydrogen is greater than 200 collisions and, in consequence, Eq. (4) is not very sensitive to its value. The correlation of Eq. (11) is therefore satisfactory tor our present purposes.
With the aid of the. correlations of Eqs. (3), (9), and ( 11) and the primary thermal conductivity data, we have evaluated the group (pDlnt/'1/) fromEq. (4). The results are plotted in Fig. 1 , from which it can be seen that despite some small scatter the experimental values conform to a reasonably smooth curve in the temperature range 100-400 K. The data in this temperature range have been fitted to the equation (12) and Table 2 contains the optimum values of the coefficients. Equations (3), (4), and (9)-( 11 ) then constitute our correlation of the thermal conductivity of normal hydrogen .
Primary Correlations

Viscosity
The viscosity of normal hydrogen is represented by Eqs. ( 1) and (3) with the coefficients and parameters of Table 2 over the temperature range 20<T<2200 K (O.60<T*<42). Figure 2 contains a plot of the deviations of the primary experimental data from this optimum correlation. The experimental data depart from the correlation by no more than ± 0.7% over the entire temperature range. The results of different authors show some evidence of contradictory trends within the range of interest but no significance can be attached to this observation since the effects are often smaller than the uncertainty assigned to the data. It is estimated that, within the temperature, range 200-400 K, the uncertainties in the viscosities. generated by the correlation are no more than ± 0.5%; outside of this temperature range, the uncertainty rises to ± 2% at the extremes of temperature. Figure 3 contains a plot of the deviations of the secondary experimental data from the above correlation. The secondary data show a maximum deviation of as much as ± 5% at the very low temperatures.
In Fig. 4 . the present correlation is compared with previous correlations of the viscosity of normal hydrogen. [1] [2] [3] The correlation of Maitland and Smith 1. deviates by no more than ± 1 % from that of the present work over the entire t~lIlpt::n:l.tun:: rung~, and this muinly reflects the differ-ent weights given to the results of various workers. The correIation·ofWatson 2 deviates from the present results by up to 2 % at the highest temperatures. whereas the formulation of
Hanley et aJ. 3 shows a more marked deviation at either temperature extreme. 
Thermal Conductivity
The thermal conductivity of normal hydrogen is represented by Eqs. (1), (3 )- ( 5) and (9 )~( 12), with the coefficients of Table 2 over the temperature range lOOK < T <400 K (3< T· < 12). Figure 5 contains a plot of the deviations of the primary experimental data -from this optimum correlation. The experimental data depart from the correlation by no more than ± 1 %, except for one point at the lowest temperature where the deviation rises to 2%. . room temperature the four independent measurements are consistent within a band of ± 0.5%, so that this is adopted as an estimate of the uncertainty in the correlated thermal conductivity at this temperature and above. At lower temperatures, the uncertainty in the correlated thermal conductivity rises to one of ± 1.5%. Figure 6 compares the secondary thermal conductivity data with the present correlation and it can be seen that the deviations amount to as much as 8%, even near room temperature. On the one hand, this observation provides some confirmation of our decision to exclude these data from the formulation of the correlation. On the other hand, the same observation means that any extension of the temperature range of the present primary correlation cannot securely be based on experimental data.
Tabulation
. The correlating equations for the viscosity and thermal conductivity of normal hydrogen have been used to generate the::: properties over the temperature range of their validity. Tables 3 and 4 list the values for viscosity and thermal conductivity at appropriate temperature intervals. The viscosity of many polyatomic gases bas been successfully correlated, over a modest temperature range, by means of a universal scheme based upon the principles of corresponding states. The basic proposition of the corresponding-states correlation scheme is that the func;tional n * of Eq. (1) is a universal function n: of a reduced temperatureT * = kT / E among alLgases. Here, E is again an energy scaling parameter andu is the corresponding length scaling parameter.
As a result of a study of many monatomic and polyatomic gases, it has ,been shown that the universal functional may be represented by the equation Because a corresponding-states correlation allows the temperature range of the viscosity for one gas to be extended outside of the region for which direct experimental information exists, we have attempted to represent the primary viscosity data for hydrogen by means of Eqs. (1) and (12). Accordingly. we have determined the values of Elk and u that secure the optimum representation of this kind.
The optimum values are those quoted earlier and listed in Table 2 . Figure 7 shows the deviations of the primary viscosity data from this universal correlation. It is quite clear that the deviations are large, as much as 6%, lie well outside of experimental error, and have a systematic character. We therefore conclude that the universality of n: found for some other polyatomic gases does not extend to hydrogen, and that any attempt to extrapolate viscosity data for this gas to lower and higher temperatures using this correlation will lead to rather large errors.
Thermal Conductivity
The desire to establish a reliable method of extrapolating the thermal conductivity of normal hydrogen to higher and lower temperatures is even stronger in view of the restricted temperature range of the present correlation. However, the poor quality of the experimental data means that any such extrapolation must be performed by theoretically based methods.
Given that the viscosity, heat capacity, and collision number are available over a wider temperature range than the reliable thermal conductivity data, the most sensible course of action would be to calculate the thermal conductivitythrough Eqs. (1), (3), and (9)-( 11), combined with a calculation of the group (pD int /1J). The exact evaluation of pDinJ1J for an appropriate nonspherical pair potential for hydrogen44 has not yet been carried out and represents a substantial computational effort in itself.44 Consequently, it is necessary to auupl a melhud of estimating (pD int 1'lJ). The most common estimation method is based upon the MasonMonchick approximation,32 which leads to the result that Dint =D, (14) where D is the self-diffusion coefficient of the gas. It then follows that
whereA * is a functional of the intermolecular pair potential. The advantage of this formulation is that A * is generally weakly dependent on both the pair potential and temperature, so that almost any model suffices for its evaluation.
In order to attempt to extrapolate our correlation, we have adopted two methods of estimating A *. 
Conclusion
A concise representation of the viscosity of normal hydrogen over the temperature range 20-2200 K has been developed. The correlation has an accuracy of ± 0.5% between 200 and 400 K, which deteriorates to ± 2% at the extremes of the temperature range. A consistent representation of the thermal conductivity has been possible only over the temperature range 100-400 K.
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